ABSTRACT The inheritance of stress responsiveness (line effects and combining abilities) was phenotypically studied in progeny from diallel crosses of randombred (RB) quail and quail selected for exaggerated (high stress, HS) or reduced (low stress, LS) plasma corticosterone (CS) response to brief immobilization. The three genotypes were crossed in a 3 × 3 factorial arrangement of treatments that allowed all possible crosses between RB, LS, and HS males with RB, LS, and HS females. The nine crosses produced 479 progeny. At 28 d of age, quail of each cross were stressed by immobilization, and blood was sampled. Plasma CS was used to estimate stress responsiveness in the progeny of each cross. Estimates of the following genetic effects were made: average post-
INTRODUCTION
Stressors are forces external to the body that tend to displace homeostasis and produce a state of stress (Siegel, 1995) . Oftentimes, stress is accompanied by increased fearfulness and hyperadrenal activity, and when fear or distress persists, the welfare and production performance of poultry can be seriously compromised (Jones, 1996a) . Under such conditions, deleterious effects include energy wastage; decreased growth, feed conversion, egg production, and product quality; delayed maturation, compromised hatchability, decreased immunocompetence, development of feather pecking, and the increased likelihood of injury, pain, and even death (Mills and Faure, 1990; Jones, 1996b Jones, , 1997 Jones and Hocking, 1999) . Clearly, it is appropriate to take steps to reduce the effects of fear and stress in poultry.
Genetic selection for less pronounced fear responses and decreased adrenocortical responsiveness may offer To whom correspondence should be addressed: dsatterlee@ agctr.lsu.edu.
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immobilization plasma CS response within each cross, general combining ability (GCA), and specific combining ability (SCA). Differences (P < 0.05) in plasma CS response to immobilization between crosses involving the LS and HS lines (HS crosses > LS crosses) were commonly observed. There were no significant differences in the means of plasma CS responses between males and females within each of the crosses except for the marginal (P = 0.07) sex difference (male > female) found within the LL cross (LS male with LS female). The GCA estimates were −1.23, −2.89, and 5.08 for the RB, LS, and HS quail, respectively. The SCA was not significant for any diallel mating except HH (P < 0.007). Line effects on plasma CS response were different from zero for the LS and HS lines. a rapid, effective, and inexpensive method of reducing fear and distress and thereby reduce hidden and measurable losses in animal welfare and productivity (Jones, 1996b; Jones and Hocking, 1999; Jones et al., 2000) . This suggestion is supported by numerous studies conducted with Japanese quail lines selected for divergent plasma corticosterone (CS) response to brief immobilization (Satterlee and Johnson, 1988) . Besides their readily apparent divergence in adrenal stress responsiveness to a wide variety of stressors (e.g., cold, crating, feed and water deprivation, social tension, and manual restraint; Satterlee and Johnson, 1988; Jones et al., 1994; Jones, 1996a) , these lines differ in many other important physiological and behavioral traits. And, thus far, in comparison to quail selected for exaggerated (HS, high stress) plasma CS response to brief mechanical restraint, quail selected in the opposite direction (LS or low stress quail), have exhibited only desirable correlated traits. For example, LS birds show greater body weight gain (Satterlee and Johnson, 1985) , less cortical bone porosity (Satterlee and Roberts, 1990) , reduced heterophil:lymphocyte ratios (Gildersleeve et al., 1987) , less developmental instability Abbreviation Key: CS = corticosterone; G = generation; GCA = general combining ability; HS = high stress; LS = low stress; RB = random bred; SCA = specific combining ability. , an accelerated onset of puberty in both males and females , and greater copulation efficiency in males (Marin and Satterlee) . The LS quail also exhibit greater sociality and less underlying fearfulness (i.e., they are less easily frightened by diverse events such as exposure to human beings, exposed areas, unfamiliar objects and places, or mechanical restraint (Jones et al., 1992a (Jones et al., ,b, 1994 Satterlee et al., 1993; Satterlee and Jones, 1995; Jones and Satterlee, 1996 ) when compared to their HS counterparts.
In randombred (RB) populations, genetic factors have also been associated with both behavioral and hormonal responses to stress (Kujiyat et al., 1984; Craig and Muir, 1989) . Indeed, attempts to estimate the genetic components of production and stress-related traits in domestic fowl are evident (Chahil et al., 1975; Barbato and Vasilotos-Younken, 1991; Baik and Marks, 1993; Baumgartner, 1994 ). An objective of three of these studies (Barbato and Vasilotos-Younken, 1991; Baik and Marks, 1993; Baumgartner, 1994) was to evaluate whether various levels of responsiveness to stress are correlated genetically with production traits such as feed conversion, growth, mortality, disease resistance, and reproductive performance. Not surprisingly, various correlations have been detected.
It should be clear from the discussions above that genetic selection for reduced adrenocortical responsiveness holds promise as a tool for enhancing animal welfare and productivity. Thus, it is worthwhile to study genetic characteristics associated with selection for and against the quantitative trait of plasma CS response to immobilization in the stress response lines of Satterlee and Johnson (1988) . Herein, the inheritance of stress responsiveness was assessed in these lines using a diallel-mating scheme that provided for all possible crosses between RB, LS, and HS males with RB, LS, and HS females. Estimates of average plasma CS response to immobilization for each cross, general combining ability (GCA), and specific combining ability (SCA) were made. Theoretical explanations for better understanding the genetic inheritance of stress responsiveness are offered.
MATERIALS AND METHODS

Birds, Husbandry, and Treatment Applications
Two quail lines divergently selected for LS or HS plasma CS response to immobilization (Satterlee and Johnson, 1988) were studied. A RB quail line that is routinely maintained along with the selected lines was used as a control. The genetic history of the three lines is discussed in detail elsewhere: from Generation (G) 1 to G 13 (Satterlee and Johnson, 1988) , from G 14 to G 24 , and from G 25 to G 29 .
Beyond G 13 , continual selection pressure was not used to produce each generation. However, despite periodic relaxation of selection pressure, divergence in the lines has been consistently maintained. Whenever selection was relaxed, the lines remained closed to other quail stocks, and essentially throughout the selection process, the production of each genotype (RB, LS, and HS) was accomplished by colony breeding of 12 family crosses within a stock, avoiding only full-sib mating. During those generation intervals at which selection pressure was used, plasma CS responses to the genetic selection stressor (brief immobilization) in HS quail were always approximately twofold greater than the responses found in LS quail. Of particular importance, selection pressure was used in G 26 to produce the progeny in the present study. At G 26 , the mean post-immobilization plasma CS response in the HS line was 1.9-fold higher (P < 0.001) than the mean response found in the LS line. Within each line, males and females (surplus full sibs of the breeder birds from the G 27 line families) were used in a diallel cross scheme that generated nine different genetic combinations or crosses (HH, RH, LH, HR, HL, RR, LR, RL, and LL, where HH represented a cross between a HS male and a HS female, RH represented a cross between a RB male and a HS female, and so on).
Egg incubation, chick battery brooding, feeding, lighting, and other general husbandry conditions were similar to those described elsewhere (Jones and Satterlee, 1996) . In order to maintain the cross identity of each bird, leg bands (placed on chicks at hatching) were replaced with permanent wing bands at 14 d of age.
At 28 d of age, 479 progeny produced from the nine diallel crosses were individually captured from the battery brooder and immediately subjected to immobilization in a crush cage for not less than 4 min, but not more than 10 min. The stressor and time period employed was the same as that used by Satterlee and Johnson (1988) to select the lines; plasma CS response to the immobilization stressor during this time period has been shown to be maximum and not variable within birds. Following restraint, blood samples were collected by cardiac puncture within 30 s of bird removal from the crush cage. Whole blood was dispensed into containers containing EDTA and centrifuged at 1,430 × g. Plasma samples were harvested and stored frozen at −20 C until assay for their CS content. Chick sex was determined by plumage differences after blood sampling.
Corticosterone Assay
Plasma samples were assayed for CS content by a radioimunnoassay kit.
3 The assay was conducted according to the manufacturer's procedures with the following modifications. The CS binding globulin was inactivated by heating the plasma samples in a 90 C water bath for 5 min and, prior to assay, plasma samples (10 µL) were diluted 1:10 with the steroid diluent supplied in the kit. In addition, the lowest calibrator provided in the kit (1.25 ng/mL) was further diluted 1:2 to include a yet lower calibration standard of 0.625 ng/mL. A standard curve that used a log-logit transformation was constructed by plot of the percent bound 125 I-CS against the known calibrator standards. Unknown plasma CS amounts were interpolated from this curve. Gardner and Eberhardt (1966) defined GCA as an average performance of a line in different hybrid combinations. Lin (1972) also defined GCA as a numerical value expressing the influence of one of the lines on its progeny. In this study, data were analyzed for variation between the crosses and within the crosses (between progeny) using the general linear models procedure of SAS software (SAS Institute, 1995) in order that least-squares means of plasma CS responses measured for the males or females or male-female combinations could be used in a series of defined-estimate and contrast models to compute GCA, SCA, and line effects. The GCA were calculated as the deviations of specific line means from the overall mean for plasma CS levels estimated for the nine diallel crosses [i.e., GCA i = (ΣY i /n) − µ, where GCA i = the GCA effect for line i (the RB, LS, or HS genotype), Y i = plasma CS response for a progeny with either one of his or her parents or both parents from line i, n = total number of progeny with either one of his or her parents or both parents from line i, and µ = overall mean for plasma CS response levels estimated from all nine diallel crosses]. Chahil et al. (1992) defined SCA as a numerical value that expresses the deviation of a specific cross compared to what would be expected from the average performance of the lines involved in that cross. The SCA also refers to the degree to which the average performance of a specific cross departs from the additivity (Griffing, 1956) , and it has been used to denote the degree of nonadditive genetic effect in a population (Gardner and Eberhardt, 1966) . As such, SCA is a result of either dominance or epistasis, or a combination of the two (Gardner and Eberhardt, 1966) . For this study, SCA was calculated as follows: SCA ij = cross effect − (GCA i + GCA j ), where the cross effect = plasma CS mean of a given cross − overall plasma CS mean, GCA i = general combining ability of line i (RB, LS, or HS genotype), and GCA j = general combining ability of line j (RB, LS, or HS genotype). Line effects (l i ) represent the effects of the specific line on the progeny performance excluding the heterosis effects of the line (i.e., l i = 2 × (GCA i − h i ), where l i = line effect for line i, GCA i = general combining ability of line i, and h i = average heterosis of line i. Heterosis was calculated as defined by Odeh et al. (2002) .
Genetic Parameter Calculations and Statistical Analyses
RESULTS AND DISCUSSION
Post-immobilization least-squares mean plasma CS responses for progeny resulting from the nine diallel crosses are given in Table 1 . Mean plasma CS responses differed (P < 0.05) among the diallel crosses from highest to lowest response as follows: HH > RH = LH = HR = HL > RR = LR = RL, with the LL cross showing the lowest mean plasma CS response and being not different from the LR and RL crosses but lower (P < 0.05) than the remaining six crosses. It is assumed that the bidirectional selection program caused an increase in the frequencies of homozygous genotypes and a decrease of heterozygous genotypes when selection occurred in either direction. Indeed, examination of the plasma CS means associated with offspring from each of the nine diallel crosses (Table 1) suggests that after back-crossing for only one generation, the genetic influences operative in matings that involved a parent of either selected line had a stronger influence on the phenotype (adrenocortical responsiveness) of their progeny than the genetic influences exerted by RB quail. This was borne out by the following observations. First, there was no difference in plasma CS response to immobilization between crosses that included one of the parents from the HS line, and quail from all five crosses involving a parent from the HS line had higher (P < 0.05) mean plasma CS concentrations than the four crosses that did not involve cross with the HS line. Second, when both parents were HS quail (the HH mating), the mean plasma CS response was superior (P < 0.05) to all other diallel crosses made. Third, while two crosses that involved a parent from the LS line with a RB parent were similarly low in their mean plasma CS response (i.e., the LR and RL crosses had the third-and second-lowest CS means, respectively) and the LL cross resulted in the lowest plasma CS response of all the crosses made, the LH and HL crosses appeared to be more driven in their CS response by the contribution of the HS parent. When the lines were initially partitioned, an asymmetrical selection response was observed (Satterlee and Johnson, 1988) , showing that progress in selection in the upward direction (HS line) was more rapid than in the downward selection (LS line). This suggests that it may require additional back-or out-cross mating(s) beyond the single ones used herein to return the HS line to an abundance of heterozygous genotypes.
Least-squares mean plasma CS responses for progeny from the nine diallel crosses, separated by sex, are given in Table 2 . There were no differences in the means of plasma CS responses between males and females within each cross except for a marginal effect within the LL mating (P < 0.07; male > female). The appearance of this marginal difference may represent a chance effect, or it may be due to the presence of significant differences in GCA and line effects between the sexes in the LL mating (P < 0.05; Table 3 ).
The least-squares analyses revealed significant GCA for plasma CS response in the LS and HS lines (P < 0.05; Table 3 ). The GCA estimates were: −1.23, −2.89, and 5.08 for RB, LS, and HS quail, respectively. Changes of selected population plasma CS means should be associated with differences of genotypic value between homozygotes and heterozygotes. Tixier-Biochard et al. (1996) suggested that Means with no common superscripts are different (P < 0.05).
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Males are listed first in the cross; H = high stress, L = low stress, and R = randombred.
genes located at specific QTL might become fixed when selection is conducted over many successive generations.
Therefore, it appears that each of the selected plasma CS response lines contain specific alleles that may contribute additively to their respective selected traits. Significant difference in GCA between males and females was observed only in the LS line (Table 3 ). It appears that maternal and sire effects play an important and synergistic role in determining the additive genetic effect for the LS line (Odeh et al., 2002) . The significant negative GCA of the LS line suggests that stress responsiveness can be reduced effectively in avians by selection for reduced plasma CS response to immobilization. It may be difficult, however, to move the plasma CS response during stress in the LS line closer to zero because, to do so, the hormone level may be decreased below a threshold needed for the bird to survive (i.e., plasma CS response to stress per se is an adaptive mechanism, and therefore, an overly reduced Means with no common superscripts within crosses are different (P < 0.07).
Males are listed first in the cross. H = high stress, L = low stress, and R = randombred.
adrenocortical responsiveness may be detrimental). There is likely a selection ceiling in the HS phenotype as well, although this may be less immutable than in the LS line. The idea that there are low and high ceilings to the phenotype is supported by observations that, despite continued, periodic upward and downward selection pressure, no further line divergence has occurred (i.e., average postimmobilization plasma CS response in HS quail is always approximately twofold greater than the response found in LS quail). However, this conclusion should remain guarded since intense (continuous generation-to-generation) selection has not occurred beyond G 13 . There were no differences in nonadditive genetic effects (SCA) among the diallel crosses except for the SCA found in HH (P < 0.05; Table 4 ). These findings suggest that within each of the diallel crosses that had insignificant SCA, the variation of stress responsiveness depended mainly upon additive gene effects. The significant nonad- Means of a genetic parameter within a line with no common superscripts are significantly different (P < 0.05).
*Value is significantly different from zero (P < 0.05).
ditive effect found in HH cross is most likely due to the increased environmental influences on HS birds. It was assumed that the selection program conducted on HS birds caused an accumulation of alleles that caused an increase in environmental effects or gene-environment interactions. Bourdon (1997) indicated that inbred lines seem to be more sensitive and variable than noninbreds in their responses to stress and environmental influences. This argues that the nonadditive genetic effects, which resulted from crosses between the selected lines, were less important in determining the expression of stress response. The RB and LS quail followed the same trend of stress response inheritance in different genetic effects such as GCA (see above), line effects (see below), and dam and sire effects (Odeh et al., 2002) . Line effects are a measure of GCA without line heterosis (Eisen et al., 1983) . Not surprisingly, when one considers the above definition of line effects and the fact that differences (P < 0.05) in GCA were found in the LS and HS lines (Table 3) , the selected lines showed line effects that were different from zero (P < 0.05). These effects represent the summation of average allelic effects for a particular line (Falconer and Mackay, 1996) . The significant line effects among the LS and HS quail were most likely due to the presence of additive allelic effects and the absence of heterotic effects among these alleles (Odeh et al., 2002) . In addition, there was a difference in line effect between Males are listed first in the cross. H = high stress, L = low stress, and R = randombred.
male and female birds of the LS line (P < 0.05; Table 3 ).
It appears that such variations in line effects between males and females within the LS line resulted from the presence of sex differences in GCA (Table 3) .
To the authors' knowledge, the present study and its complimentary study (Odeh et al., 2002) constitute the first published, in-depth quantitative genetic characterizations of stress responsiveness in avians. In this study, significant differences in plasma CS response to immobilization between crosses that involved a LS parent and crosses that involved a HS line parent were commonly observed. Based on these results, it is possible that the bidirectional selection program conducted with the LS and HS quail lines caused an increase in the frequencies of homozygous genotypes and a decrease of heterozygous genotypes for selection in both directions. This study has also shown the greater importance of GCA (additive genetic effects) in producing variation in stress responsiveness than SCA (nonadditive genetic effects). On the other hand, the differences in stress responsiveness typically observed between the LS and HS lines are more attributed to the variation of genotypic compositions between these lines. Finally, the current findings and those of Odeh et al. (2002) indicate that the primary advantages in decreasing plasma CS stress-response levels, which would enhance the bird's ability to cope with stressors, comes from GCA, average line effects, and maternal effects.
